Neural stem and progenitor cells (NSCs) give rise to the cellular diversity of the CNS. There is evidence both for and against differences in these cells based on the region of the brain in which they reside. Primary brain tumors mimic many aspects of NSC behavior. Recent data suggest that some of the variability in glioma biology may be, in part, a reflection of regional differences in the NSCs from which they arise. In this issue of Genes & Development, colleagues (pp. 2317-2329) examine how NF1 regulates NSC proliferation and glial differentiation in the brainstem and cortex of the postnatal mouse brain.
The CNS develops from a population of neural stem and progenitor cells (NSCs) in a spatially and temporally distinct manner to generate the appropriate types and numbers of neurons and neuroglia of which the mature CNS is comprised. NSCs are defined as cells that can selfrenew and generate all three neural lineages of the CNS: neurons, astrocytes, and oligodendrocytes. One aspect of CNS development that is conserved across all vertebrates is its order: Prenatal neurogenesis precedes postnatal gliogenesis. Neurogenesis has been studied extensively, while gliogenesis has been largely unexamined. The development of the mammalian cerebral cortex serves as a wellcharacterized example of neurogenesis. The earliest progenitor cells constitute a single layer of neuroepithelial cells, which express both Sox1 and RC2. These neuroepithelial cells give rise to elongated radial glia cells that extend from the ventricle to the pia, and thus span the thickness of the cortical wall. Radial glia are thought to give rise to all of the neurons of the cortex. Radial glia are diverse: The majority express Pax6, RC2, and nestin, while subsets of radial glia cells express the brain lipid-binding protein (BLBP) and the glutamate aspartate transporter (GLAST). The radial glia produce a second germinal zone-the subventricular zone (SVZ)-where transitamplifying cells are generated to create the neuronal and glial populations. Radial glia eventually give rise to astrocytes, when they lose their apical foot and translocate toward the pia (Okano and Temple 2009) .
Once the mature CNS is formed shortly after birth, there is little in vivo evidence for neurogenesis continuing into adulthood, with the exception of the SVZ of the lateral ventricles and the subgranular zone of the hippocampus. In contrast, brainstem development is less well understood, although the contribution of the rhombic lip-an embryonic proliferative epithelium located on the dorsal aspect of the fourth ventricle-to brainstem nuclei (such as the inferior olive nucleus) and mossy or climbing fiber nuclei has been addressed (Landsberg et al. 2005) .
Neurofibromatosis type 1 (NF1) is a common autosomal dominant disorder in which affected individuals develop abnormalities involving both astrocytes and neurons. Not only are children and adults with NF1 at high risk for developing low-grade astrocytic tumors, but 40%-60% of children with NF1 also exhibit specific learning disabilities that are associated with low IQ scores. The NF1 gene encodes a large cytoplastic protein, neurofibromin, which primarily functions as a negative regulator of the Ras proto-oncogene. Loss or reduced neurofibromin expression results in increased Ras activity due to the absent or decreased function of neurofibromin's GTPase-activating protein (GAP) (Hegedus et al. 2007 ).
Mouse models of NF1 have been instrumental in unraveling the complicated biology of neurofibromatosis. While biallelic NF1 inactivation is observed in NF-1-associated gliomas, astrocyte-restricted NF1 conditional knockout mice do not develop gliomas (GFAP-cre; NF1 fl/fl ). Interestingly, loss of NF1 in astrocytes from NF1 +/À mice using the same cre mouse line-which more accurately recapitulates the biology of the human disease-does result in the formation of optic gliomas (Bajenaru et al. 2003) . It is worth noting that a second mouse model was developed using a different GFAP promoter, hGFAP-cre; NF1 fl/fl , which also develops optic gliomas. The discrepancy in phenotype between the mouse models may be due to differential timing of cre transgene activation, as the latter is activated earlier in development (Zhu et al. 2005) . As neurofibromatosis affects both the neuronal and glial lineages, the role of NF1 in embryonic telencephalic NSCs from embryonic day 10.5 (E10.5) mice includes a role in NSC proliferation, survival, and astroglial differentiation (Dasgupta and Gutmann 2005) . Of note, a third mouse model of optic glioma generated using a BLBP-cre; NF1 fl/fl mouse line has provided strong evidence for a Ras-independent function of NF1 in the regulation of normal neuronal differentiation and forebrain cortical development through the positive regulation of cyclic AMP (cAMP) levels (Hegedus et al. 2007 ).
The neurosphere assay is an in vitro assay where cells are cultured in serum-free conditions in the presence of high doses of epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF2). This assay can be used to assess for proliferation, self-renewal, and capacity for multilineage differentiation of neural progenitors into astrocytes, neurons, and oligodendrocytes. Using this assay, it was shown that multipotent CNS stem cells are present in the adult mammalian spinal cord, as well as throughout the ventricular neuroaxis. It was further demonstrated that these different regions harbor varying numbers of multipotent CNS stem cells, with the lateral ventricle and lumbar/sacral spinal cord having the greatest number, and the fourth ventricle having the least (Weiss et al. 1996) . The notion of the temporal regulation of NSCs was further supported by the observation that E11.5 cortex-derived NSCs persistently self-renew and are more neurogenic and proliferative, while postnatal day 0 (PN0) cortex-derived NSCs are more restricted, less neurogenic, and less proliferative (Shoemaker et al. 2010 ). There have been numerous studies evaluating intrinsic and extrinsic factors regulating embryonic and adult NSCs, including FGF2, EGF, and insulin-like growth factor 1, all of which can increase the size of the NSC pool (Reynolds et al. 1992; Arsenijevic et al. 2001 ). Examples of cell-intrinsic molecules include the notch effector Hes-1, PTEN, Bmi-1, and Akt-1 (Nakamura et al. 2000; Sinor and Lillien 2004; Molofsky et al. 2005; Groszer et al. 2006) .
Evidence for regional differences in NSCs during development
There has been recent interest in addressing whether NSCs from diverse regions of the CNS harbor intrinsic region-specific differences. This question has been studied in both rodents and human tissues by several laboratories, partly to address the potential for human neural progenitors from different regions of the CNS to serve as candidate cells for cell transplantation therapy for neurodegenerative disorders. Numerous studies demonstrate that rodent and human neurospheres derived from embryonic or adult CNS tissue retain regional specification, as assessed by proliferation or differentiation experiments and the expression of region-specific markers (Ostenfeld et al. 2002; Horiguchi et al. 2004; Fu et al. 2005; Kelly et al. 2009) . A related question is whether these regionally specified NSC lineages are plastic and responsive to external cues or are irreversible. Coculture experiments of slice cultures derived from the anterior part of the brain (ventral forebrain) can induce neurospheres derived from further back in the brain structure (midbrain/hindbrain) to express ventral forebrain-specific markers (Hitoshi et al. 2002) in mice and even across species (Kim et al. 2006) . Moreover, spinal cord neural progenitors that are transplanted into the neonatal forebrain SVZ maintain intrinsic properties (such as expressing spinal cord neuron-specific enzymes), respond to extrinsic cues, migrate extensively, integrate into the host brain, and differentiate (Yang et al. 2000) .
To address why brain tumors in children arise in specific locations, Gutmann and colleagues (Yeh et al. 2009 ) previously performed expression profiling at PN1 on primary astrocyte cultures from several brain locations, including the optic nerve, cerebellum, brainstem, and cortex. They observed that NF1 mRNA and protein levels were decreased in neocortical astrocytes relative to astrocytes that arise in other parts of the brain. Loss of NF1 in astrocytes in vivo and in vitro has differential results, depending on the region-specific location. Loss of NF1 in cerebellar, brainstem, and optic nerve astrocytes resulted in increased proliferation, while loss of NF1 in cortical astrocytes does not affect proliferation (Yeh et al. 2009) . A second hypothesis suggests that lower levels of cAMP may provide a more permissive microenvironment Figure 1 . Region-specific NSCs from a PN1 mouse brain. Horizontal low-magnification H&E staining from a PN1 mouse brain. The large arrow points to the brainstem and the small arrow points to the cortex. NF1
À/À NSCs isolated from a PN1 brainstem and cultured in serum-free conditions with FGF-2/ EGF had increased pAKT (S473), increased p-p27 (S10 and T198), increased Olig-2-expressing cells, and increased proliferation rate relative to NF1 +/+ NSCs isolated from a PN1 brainstem. In contrast, NF1
À/À NSCs isolated from a PN1 cortex had similar levels of pAKT (S473), increased total p27 protein levels, similar number of Olig-2-expressing cells, and similar proliferation rate relative to NF1 +/+ NSCs isolated from a PN1 cortex. (Image courtesy of Massimo Squatrito.) for NF1-associated gliomagenesis, as areas such as the brainstem, cerebellum, and optic nerve-where NF1-associated gliomas are more common-have lower cAMP levels relative to the cortex (Warrington et al. 2007 ).
Evidence against regional differences in NSCs during development
One major concern with the in vitro neurosphere assay is the potential for dedifferentiation or other genetic modifications of the cells due to extended exposure to mitogens such as FGF2 (Gage 2000) . The validity of the assay has been challenged through the demonstration that the clonogenic competence to generate neurons, astrocytes, and oligodendrocytes in the spinal cord is due to deregulation of dorsoventral patterning during expansion in vitro (Gabay et al. 2003) . In addition, others observed prominent down-regulation of most transcription factors present in telencephalic precursors from the anterior part of the brain upon growth factor exposure in neurosphere cultures, while Olig1 and Olig2 expression was strongly up-regulated (Hack et al. 2004) . A third group (Santa-Olalla et al. 2003) observed that neither anteroposterior (AP) nor dorsoventral (DV) cell position identity is preserved in NSCs grown in culture. More recently, in vitro observations regarding the importance of Bmi-1 in NSC self-renewal and proliferation were not observed in vivo, suggesting that in vitro observations should be interpreted with caution (He et al. 2009 ).
In this issue of Genes & Development, Gutmann and colleagues ) continue their investigations into brain region-specific effects due to NF1 loss in NSCs from the postnatal brainstem and cortex. Surprisingly, loss of NF1 in NSCs derived from the brainstem at PN1 results in increased NSC proliferation and gliogenesis, but loss of NF1 in NSCs derived from the neocortex at the same postnatal day does not. Although Lee et al. (2010) use in vitro NSC cultures to demonstrate the brain region-specific differences due to NF1 loss, they confirm their in vitro results with in vivo observations using BLBP-cre; NF1 fl/fl mice, which correlate closely in this work. Furthermore, Lee et al. (2010) note that loss of NF1 in brainstem NSCs resulted in an increase in the number of Olig2-expressing cells both in vitro and in vivo. Next, they investigated the molecular mechanism for this differential response to NF1 loss in NSCs, and observed selective Akt activation in the brainstem NSCs, which does not occur in cortex NSCs due to increased rictor expression in the brainstem and not in the cortex. Finally, Lee et al. (2010) observed that this brainstem-specific Akt activation results in decreased expression of p27 in the brainstem and not in the cortex. Thus, the molecular mechanism for increased NSC proliferation and gliogenesis in the brainstem appears to be initiated by TORC2. It is unclear why NF1 loss specifically in brainstem NSCs results in TORC2 up-regulation.
It is worth noting that Lee et al. (2010) also demonstrate that this differential response of NSCs to NF1 loss between the brainstem and cortex was present during embryonic development at E13.5. However, Dasgupta and Gutmann (2005) demonstrated previously that loss of NF1 in the telencephalon (the embryonic structure from which the cerebral cortex develops) at E10.5 results in increased proliferation in NSCs, and loss of NF1 in BLBP-Cre; NF1 fl/fl (which recombines at E9.5) results in increased Olig2 + progenitors and increased gliogenesis in the hippocampus postnatally at PN8 (Hegedus et al. 2007) . Together with the current observation by Lee et al. (2010) of modestly increased proliferation and gliogenesis associated with the loss of NF1 in the postnatal SVZ in vitro and in vivo, these observations suggest an alternative possible interpretation: Gliogenesis takes place at different regions of the CNS at distinct time points, with more caudal structures completing gliogenesis at later time points. This explanation has been suggested with regards to radial glia and neurogenesis (Anthony et al. 2004) .
A second mouse line was generated where the cre recombinase is driven by the human GFAP promoter (hGFAPcre; NF1 fl/fl ) and undergoes recombination at E10.5. This results in increased glial progenitors that express nestin and BLBP throughout the brain at PN8, as well as increased GFAP-positive astrocytes in both white and gray matter, including corpus callosum and anterior commissure (Zhu et al. 2005) . However, it is important to note that there are several technical aspects of mouse modeling that can generate apparent discrepancies in cell type identification. Transgene promoters do not reflect the true expression of a gene with 100% accuracy due to integration site effects and regulatory elements that are not included in the transgene. In addition, the expression of cre recombinase may be leaky, and different genetic backgrounds of the mice may influence transgene expression.
Akt activation has been shown to regulate the proliferation of NSCs through a variety of mechanisms. First, PTEN, a negative regulator of Akt, regulates the stem cell self-renewing state of normal NSCs (Groszer et al. 2006) . A second mechanism involves CXCL12 (also called stromal cell-derived factor 1 [SDF-1]), which binds CXCR4 and activates Akt1. This binding results in the phosphorylation of FOXO3a, a negative regulator of cell cycle progression (Wu et al. 2009 ). The third mechanism is the one described here, where Akt is activated through TORC2. Interestingly, the cyclin-dependent kinase inhibitor p27 has been implicated previously in NSC biology as a cell cycle inhibitor that regulates the transit-amplifying cells or type C cells in the SVZ of the lateral ventricle of adult mice (Doetsch et al. 2002) . Consequently, adult p27-null mice have increased glial cells in the hippocampus and cerebellum (Casaccia-Bonnefil et al. 1997) . Based on these data, one would hypothesize that p27-null mice may display increased postnatal gliogenesis in the brainstem, but not in the cortex.
Evidence for brain region-specific differences in brain tumors
Brain tumors are thought to arise through the acquisition of genetic alterations in NSCs (Huse and Holland 2010) . These results suggest that histologically similar brain tumors that arise in different brain regions may harbor region-specific signaling that may be related to regionspecific NSCs. Pilocytic astrocytomas (PAs) are low-grade pediatric gliomas that do not transform into high-grade tumors and are especially frequent in children with NF1. A comparison of expression profiles of supratentorial and posterior fossa PAs demonstrated molecular differences whereby 28 genes were overexpressed in supratentorial PAs, and only eight genes were overexpressed in posterior fossa PAs. Most of these genes were developmentally regulated, such as paired box gene 3 (PAX3), which was overexpressed in posterior fossa PAs, and LIM homeobox 2 (LHX2), which was overexpressed in supratentorial PAs. While the simplest interpretation would be that these patterns are due to normal contaminating cells in the respective tumors, these molecular differences were also present in astrocytes and NSCs cultured from these regions, suggesting that PAs from different regions of the CNS are biologically distinct (Sharma et al. 2007) .
Ependymomas are perhaps the most compelling examples of histologically similar tumors, having region-specific molecular alterations as well as distinct putative cells of origin. In fact, ependymoma is one of the few CNS tumor types where location and age independently significantly influence survival, with spinal tumors having the best overall prognosis (McGuire et al. 2009 ). The molecular signature of ependymomas differs depending on the location of the tumor in the CNS: spinal, posterior fossa, and supratentorial. It was noted that ependymomas, as well as ependymoma NSCs from each region, harbored gene expression profiles that corresponded to the respective regionally specified radial glia progenitor cells. Furthermore, ependymomas from different parts of the CNS display distinct patterns of copy number-driven gene expression. For example, Ink4a-ARF loss is seen primarily in supratentorial-rather than spinal-ependymomas. Thus, the likely cells of origin for this tumor are the radial glia cells, which maintain unique signatures depending on their location (Taylor et al. 2005) .
High-grade gliomas (HGGs) in children most commonly arise in the cortex or the brainstem. A recent study used SNP arrays to compare the copy number alterations (CNA) of gliomas arising in the brainstem and those arising in the cortex. Zarghooni et al. (2010) reported that the CNAs were different between the brainstem tumors and their supratentorial counterparts: Supratentorial HGGs showed more frequent loss of 9p and 4q, while brainstem HGGs showed more frequent loss of 11p, 17p, 14q, 18p, and 22q. However, a separate report did not observe any statistically significant differences between supratentorial and brainstem HGGs with regards to gains or losses of all individual chromosome arms, PDGFRA amplification, or CDKN2a deletion (Paugh et al. 2010 ). More detailed differences in larger samples of brainstem and supratentorial HGGs remain to be described, and will likely unravel significant differences with regards to the genomic alterations and molecular signatures that brainstem and cortical gliomas have.
The findings reported by Gutmann and colleagues ) describing brain region-specific regulation of NSCs by NF1 add to the increasing body of evidence in support of regional and temporal regulation of NSCs. One significant observation is that postnatal gliogenesis in the brainstem is regulated by Akt activation. Postnatal gliogenesis in the neonatal SVZ arises from several progenitor pools: radial glia, distal-less homeobox 2 (DLX-2)-expressing progenitors, and NG2
+ cells (Hewett 2009 ). As all of these progenitors may express Olig-2, it is not clear which population of progenitors is active in the brainstem and where they arise from during development. While the location of postnatal stem cells in the adult cortex is known, and postnatal cerebellar stem cells are thought to reside in the white matter (Lee et al. 2005) , there is limited data as to where neural stem cells reside in the adult brainstem. In vitro, the NSCs described by Gutmann and colleagues ) express both nestin and BLBP, both known markers of NSCs and radial glia. Recently, a brainstem glioma mouse model was developed through overexpression of PDGF-B, where it was observed that nestin-expressing cells of the floor of the fourth ventricle at PN1-3 may serve as cells of origin (Becher et al. 2010 ). However, a brainstem glioma rat model, which overexpresses PDGF-B via retroviral vectors at PN3, suggests that NG2-expressing cells, located throughout the brainstem, may also serve as cells of origin (Masui et al. 2010) .
Given that it is likely that cells of origin for gliomas are NSCs from the region of origin, together with the assumption that these murine brain region-specific observations are conserved from mice to humans, the results reported by Gutmann and colleagues suggest that gliomas that arise in the brainstem may be sensitive to mTOR blockade. NF1 is now known to undergo biallelic inactivation not only in PAs that arise in children with NF1, but also in a subset of adult HGGs (Cancer Genome Atlas Research Network 2008) and pediatric HGGs (Paugh et al. 2010) . Another potential mechanism for loss of NF1 in gliomagenesis is degradation of NF1 via the ubiquitinproteasome pathway (McGillicuddy et al. 2009 ). It remains to be determined whether inhibition of AKT signaling will be a more successful strategy against glial tumors that arise in the brainstem, as opposed to those that arise in the cortex.
